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1.0 SUMMARY 


This report contains the results of an experimental study of the effects of an 
accelerating gas on the formation of a liquid spray. The spray was formed by 
the impingement of two liquid jets in an accelerating gaseous flowfield and the 
resulting mass median dropsizes were measured at several positions downstream 
of the impingement point. Molten wax was used as the liquid, and the gas was 
heated, ambient pressure nitrogen. 


The experimental parameters that were varied included: the gas velocity, Vg^, 

the distance from the impingement point to the maximum gas velocity location, 1 
L, and the injector variables of orifice diameter, d, and injection velocity, 
Vl. In terms of these parameters, the mass median dropsize of the spray, Dj, 
can be expressed as *: 



over the range 
and 



for 




> 1.25 


where 


D = 2.2xl0 4 d 0 - 37S/ ” 0 ' 75 
c 


5 /\°' 


and 


T = 


_ d v. r 

* 7*10 5 -V 1 V 


,0.41 


V. 


; L > 2 in. 


S M 


* __ 

D, and D in microns, 
1 c 


V. and V in ft/sec, 
L g M 


and d in inches. 



In the above, is the maximum gas velocity seen by the spray, i.e., the 
velocity at a distance L from the injector. 

For large values of L, the parameter x approaches unity and the empirical cor- 
relation for the dropsize, Dj, reduces to the empirical function for the drop- 
size determined in the study of the secondary atomization process. 

This result implies that at sufficient distance from the injector, the influ- 
ence of the gas on the spray formation can be neglected. 

The above equations will yield erroneous results if used outside of^ the range 
of experimental data used in their development. For this reason, D c should be 
limited to values between 140 and 360, Vg^ should be less than 1000 ft/sec, 
and L should not be less than 2 inches. 


The dropsize distributions were found to become more nearly monodisperse as the 
mass median dropsize became smaller. A distribution function that was found to 
give a reasonably good fit to all of the data was the Rosin-Rammler normalized 
distribution function given by: 

d [w/w TQT ] 2.46 (D/D) 1 - 46 ("_ CD/D) 2,46 

d [d/d] (1 . 21) 2 * 46 L 1,61 

where w/w TO t i- s the cumulative mass fraction of the spray having drop diam- 
eters smaller than D. In particular, this function gave an excellent fit in 
the large dropsize portion of the distribution curve. 



2.0 INTRODUCTION 


Droplet vaporization is often the rate- limiting process leading to combustion 
inefficiency in liquid rocket engines. The importance of liquid propellant 
spray dropsizes on combustion performance has been shown both analytically 
(Ref. land 2) and experimentally (Ref. 3 through 7). However, the ability to 
analytically predict the combustion efficiency ri actually achieved under hot- 
firing conditions' has been hampered because of insufficient experimental data 
describing the influence of combustion gas velocity on the spray produced by 
typical rocket engine injectors in finite length thrust chambers. 

Extensive correlations between analytical performance predictions and hot- 
firing data (Ref. 3 and 5) have identified the problem and indicated that the 
difference between experimental and calculated combustion efficiencies is, in 
fact, correlatable with combustion gas velocity. The velocity of the combus- 
tion gas can affect atomization by acting on either the sheet and ligaments 
during the formation of the spray (primary atomization) or the droplets them- 
selves after the spray is formed (secondary atomization). The latter was the 
subject of an experimental cold-flow study conducted as a part of this same 
program. The results of that study are reported in Ref. 8. Contained herein 
are the results of another part of the program, e.g., the investigation of the 
effects of an accelerating gas on the primary atomization process. 
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3.0 EXPERIMENTAL APPROACH 


A detailed description of the test apparatus, data acquisition, and reduction 
techniques and data repeatability is presented in the report covering the 
secondary atomizatiofi (Ref. 8) . However, to provide an understanding of the 
approach, a brief description will be presented here. 

The apparatus that was used to perform the experiments is illustrated sche- 
matically in Fig. 1. The components of this apparatus are: (1) a single- 

element, like-doublet injector, through which the liquid is injected into the 
gas stream, (2) a constant area (10- by 10-inch) duct, (3) removable ramps 
which provide various gas acceleration rates, and (4) a diffuser which de- 
celerates the two-phase flow and exhausts it into the atmosphere. Molten wax 
was used as the propellant simulant and gaseous nitrogen as the combustion gas 
simulant. To ensure that the molten wax did not solidify within the test sec- 
tion, the nitrogen was maintained at a temperature above the melting point of 
the wax (i.e., >140 F) . The wax droplets were collected on an 18- by 50-foot 
water-flushed table, vacuum dried, and then subjected to a sieve analysis to 
determine the dropsize distribution and mass median dropsize. A data repro- 
ducibility of ±12 percent on the mass median dropsize was established for this 
experimental technique by repeat experiments under identical gas and liquid 
flow conditions. 

Three ramp lengths, L, were utilized: 2, 4, and 8 inches. These ramps and the 

diffuser could be removed from the test section for constant gas velocity 

tests. Since the ramps had a fixed contraction ratio (5:1), the initial gas 

velocity, V„ , could not be varied independently of the maximum gas velocity, 

v 60 

&M* 

The tests were conducted with three nominal flowrates (2, 4, and 8 lbm/sec) 
that provided gas velocity variations within the converging section from 50 
to 250, 100 to 500, and 150 to 950 ft/sec, respectively. 

Three like-doublet injectors were tested. During the tests, the injectors were 
positioned so that the impingement point coincided with the start of conver- 
gence. Their diameters, d, and the corresponding injection velocities, V^, 
are listed in Table I. In addition, a characteristic dropsize of the injec- 
tor, D 0 , is also given in the table. This dropsize was determined from the 
relation (Ref. 9) : 


D = 15.9 x 10 4 d°* 57 /V. (1). 

and is the dropsize that would be obtained in the absence of a gas flow. In 
Eq. 1, D 0 is in microns, d in inches, and in ft/sec. 

The injectors used in these experiments were designed to present a small 
cross section to the gas flow. As shown in Fig. 2, the injector orifices were 
contained in a long (9 inches), thin body to ensure that the liquid is in- 
jected into a relatively undisturbed gas stream. The particular injector 


5 



LIKE-DOUBLET INJECTOR 



LIQUID: MOLTEN WAS (SHELL 270, T * 

GAS: NITROGEN (1^0 < T < 250 F) 


Figure 1. Schematic Di 


REMOVABLE RAMPS 



= 200 F) 


of Test Section 





TABLE I. LIKE-DOUBLET INJECTOR TESTS 


Orifice Diameter (d) , 
inch 

Injection Velocity (Vl) , 
ft/sec 

Characteristic Dropsize 
(D 0 ) , microns 

0.055 

76 

348 


160 

191 

0.094 

142 

292 


250 

163 

0.162 

166 

340 


shown in Fig. 2 is the 0.094-inch-diameter element. The impingement angle for 
all injectors was 60 degrees, with a free-stream length/diameter ratio of 
about 5. 
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4.0 EXPERIMENTAL RESULTS 


The experimental parameters that were varied in the atomization experiments 
were the injector orifice diameter and injection velocity, the gas velocity 
profile, and the distance over which the spray was exposed to the accelerat- 
ing gas flow. A total of 63 molten wax tests was conducted, 44 of which were 
with an accelerating gas flow. In the remaining 19 tests, the gas velocity 
was constant; the distance over which the spray was exposed to the constant 
gas velocity was 10 inches, a distance which was found to be sufficiently long 
to ensure the completion of the atomization process at that gas velocity 
(Ref. 8). The test conditions and the measured mass median dropsizes are 
listed in Table II (constant gas flow) and Table III (accelerating gas flow). 

The effects of variations of the experimental parameters on both the mass me- 
dian dropsize and the dropsize distribution were examined. The results for 
these two characteristic parameters of the spray are presented separately in 
the following paragraphs. 

MASS MEDIAN DROPSIZE RESULTS 

Influence of Gas Acceleration Distance 


The results obtained by varying the distance over which the accelerating gas 
flow acted on the spray are shown in Fig. 3 through 5 for the 0.055-, 0.094-, 
and 0.162-inch-diameter elements, respectively. The maximum gas velocities, 
i.e., the gas velocity at the distance, L, from the injector face, are also 
indicated in the figures. 

Most of the data show a decrease in the mass median dropsize when the ramp 
length was increased at a constant maximum gas velocity. The trend was ob- 
served with all three elements and changes up to 20 percent in the median 
dropsize were measured over distances of 2 to 8 inches. Although this change 
in the median dropsize is on the order of the range of data scatter expected 
(«12 percent) it is not believed to be a result of experimental error'since 
an increase in the dropsize with distance was observed in only two cases. 

These occurred with the 0.055-inch-diameter orifice at a gas velocity of 500 
ft/sec (Fig. 3a) and with the 0.094-inch-diameter orifice at a gas velocity 
of 150 ft/sec (Fig. 4b). In all other cases, the dropsize either remained 
constant or decreased as the length was increased. 

Although dropsizes were not examined at gas acceleration distances greater 
than 8 inches, it is believed that no additional atomization would occur. As 
will be shown later, the median dropsizes obtained at this distance corres- 
pond very closely to those measured under similar gas and liquid conditions 
in the study of secondary atomization (Ref. 8) where it was found that ac- 
celeration distance had little effect on the median dropsize. Since it is al- 
most certain that the spray is entirely formed at this distance from the in- 
jector (and the maximum gas velocity is no longer affecting the formation of 
the spray), the median dropsize should behave in a manner identical to that of 
the Ref. 8 study. Thus, the dropsize measured at 8 inches should represent 
essentially a limiting dropsize. 
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TABLE II. SUMMARY OF CONSTANT GAS VELOCITY TESTS 


d, 

inch 

V 

ft/sec 

W 

L» 

lb/sec 

IV, /W 

L g 

V 

ft/sec 

T 

L’ 

F 

V 

F 

D o> 

microns 

°1> 

microns 

0.055 

76 

0 . 

L 25 

0.043 

69 

210 

150 

348 

343 



76 



0.0286 

98 

205 

163 


I 

305 



76 


f 

0.021 

131 

215 

148 


( 

262 



152 

0.250 

0.086 

67 

215 

153 

191 

210 



152 

0.250 

0.086 

70 

210 

173 

191 

208 



152 

0.250 

0.043 

130 

215 

182 

191 

178 

0.094 

lc 

2 

0.66 

0.45 

33 

205 

156 

290 

275 







0.226 

67 

200 

170 



326 







0.151 

97 

215 

150 



240 



\ 


1 


0.113 

129 

215 

183 



213 



\ 


\ 


0.090 

154 

210 

190 



204 



250 

1.1 

36 

0.090 

35 

205 

170 

163 

285 







0.362 

68 

210 

163 



223 







0.362 

100 

210 

142 



204 

) 



1 

1 

f 

0.181 

128 

205 

190 



230 

1 



f 

1 


0.181 

160 

215 

190 

] 


184 

0.162 

166 

2.26 

0.774 

70 

205 

145 

340 

350 

0.162 

166 

2.26 

0.516 

95 

210 

163 

340 

335 

0.162 

166 

2.26 

0.387 

123 

210 

142 

340 

280 


Influence of Gas Velocity 


The influence of the gas velocity on the mass median dropsize is illustrated in 
Fig. 6 and 7. These data were obtained with the 0.094-inch-diameter element at 
injection velocities of 142 and 250 ft/sec which, according to Eq. 1, corre- 
sponds to mass median dropsizes of 292 and 163 microns in still air (i.e., 

Vg = 0) . The dropsize is shown as a function of the nondimensional velocity 
(V gM - V L )/V L where V gM is the maximum velocity attained in the test section. 
However, since the liquid velocity, Vl, is constant for a given set of data, 
the variation of is essentially due to the gas velocity. Also shown in the 
figures are the data obtained at constant gas velocities (solid symbols). The 
distance, L, for these tests was 10 inches, which was found to be a sufficient 
length for the completion of atomization. The distances for the accelerating 
gas flow experiments are differentiated by the various open symbols. The 
equation referred to in the figures will be explained below. 

The data show, first of all, that the mean dropsize decreases rapidly with in- 
creasing gas velocity until the gas velocity attains a value of about twice the 
liquid velocity (AV/Vl = 1) . Further increases in the gas velocity produce 
only relatively small further decreases in the mean dropsize. The figures also 
show (noted previously in Fig. 3 through 5) that the dropsize is inversely 
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TABLE III. SUMMARY OF VARIABLE GAS VELOCITY TESTS 
























III. (Concluded) 


v g * 

ft/sec 

V - V. 
§M L 

ft/sec 

T 

1 L* 
F 

V 

F 

l, 

inch 

D o’ 

microns 

D l* 

microns 

240 

-10 

223 

130 


163 

194 

250 

0 

210 

150 




157 

480 

230 

200 

162 




145 

480 

230 

225 

165 




160 

495 

245 

223 

170 




140 

510 

260 

220 

190 

8 



130 

1065 

815 

205 

290 

2 



127 

1035 

785 

225 

265 

8 



102 

140 

-20 

200 

220 

2 

191 


135 

-25 

220 

197 

8 




495 

335 

223 

170 

2 



140 

500 

340 

220 

176 

8 



135 

985 

825 

220 

228 

2 



124 

930 

770 

220 

185 

8 



113 















400 



Figure 3. Influence of Ramp Length 
Dropsize; d = 0.055 Inch 
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2 4 8 


Ramp Length, L, (inch) 

Figure 5. Influence of Ramp Length on the Mass Median 
Dropsize; d = 0.162 Inch 

proportional to the distance (from the injector) where the maximum gas velocity 
is attained. (This is also the distance over which the liquid is exposed to 
the accelerating gas flowfield). 

The dropsizes obtained at constant gas velocities (also shown in Fig. 6 and 7) 
were, in all cases, equal to or less than the dropsizes obtained when the gas 
was accelerated to the same maximum velocity over a finite length. A spray 
formed in a constant gas velocity thus appears to represent the lower value of 
the mean dropsize for a given V g . Unfortunately, this comparison could not 
be made at higher gas velocities M since facility flowrate limitations prevented 
the attainment of gas velocities in excess of about 200 ft/sec in the 10- by 
10- inch constant area duct. Nevertheless, it is reasonable to expect that the 
"constant gas velocity dropsize" will still represent the lower limit at higher 
gas velocities. 

An interesting aspect of the data is that a maximum dropsize did not occur 
when Vg was equal to Vl in the constant gas velocity cases. A maximum might be 
expected to occur at that condition because, at a zero relative velocity, no 
drag forces that would cause breakup are exerted on either the liquid sheet, 
ligaments, or droplets.* The dropsize did, however, exhibit a tendency to in- 
crease as the gas velocity was raised from zero. This is especially evident 
in Fig. 7 where it can be seen that, between a AV/Vl of from -1 to 0, all of 
the mean dropsizes obtained with a gas flow were larger than the dropsize ob- 
tained with no gas flow (closed triangle). 

*It should be noted that the injectors were designed to minimize gas flow 
blockage and, hence, produce little disruption in the flowfield. 
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292 Microns 



Figure 7. Influence of 
Median Drop si 


Eq. (6) (L = 2) 

Eq. (2) and (3) 

O L = 2 inch 

A L = 4 inch 

□ L = 8 inch 

# V = constant 
g 

▲ v g = ° (Ref. 8) 


. o 

D 




No definitive explanation can be given for this apparent anomoly. However, it 
is worth noting that the zero gas-to- liquid A V based on the mean injection and 

flow velocities does not mean that all AV's are zero everywhere in the flow- 

field. This results from the angular impingement of the jets which causes the 

spray to "fan out." Thus, at any gas velocity, including Vg = V^ part of the 

spray sees a nonzero relative velocity and the maximum mean dropsize may occur 
at a minimum mass-averaged relative velocity. Since the spray mass and 
velocity vector distributions were not measured, this aspect of the data could 
not be examined in more detail. 


It is of interest at this point to discuss briefly the results obtained in the 
study of the secondary atomization process that are presented in Ref. 8. in 
that study, the effects of the gas velocity and injector parameters (among 
other variables) on the atomization process were examined using a technique 
very similar to the one employed here. The basic difference was that the 
spray was allowed to form prior to being exposed to the accelerating gas by 
placing the injector a distance of 10 inches upstream of the gas acceleration 
zone. Thus, the dropsizes measured resulted from secondary droplet breakup 
and not because of a primary action of the gas on the breakup of liquid sheets 
and ligaments. 


The empirical correlations developed for this "secondary" dropsize, D2, are 
given by *: 


D 2 - D c 


for the range 
and 


1 - 1 


.77xl0' 3 D c ) exp ^-0.24 ^ 




AV 

\ 

V T 

) 

L 

/ 


■1 1 IT 1 1 - 25 

L 


( 2 ) 


D_ = D 
2 c 

- 1.52xl0~ 3 D c J 

-12 *n(^) 

(3) 

_ AV 

f° r 1- > 

1.25 



. AV 

where rr- = 

L 

V - V. 
% L 



V L 




j K to in 4 ,0.375,,, 0.75 
and D = 2.2x10 d /V. 

c L 


( 4 ) 


*D? and in microns; 


V amd V, in ft/sec; 
g l, 


d in inches 
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Equations 2 and 3 are represented, over their appropriate ranges of AV/V^, 
in Fig. 6 and 7 by solid lines. It can be seen that the data obtained in this 
study, at an exposure distance of 8 inches, agree quite well with the above 
correlations even though these data were obtained with the liquid being in- 
jected directly into the accelerating gas flow. The conclusion that must be 
reached, therefore, is that at this distance the median dropsize is dominated 
by the secondary atomization process. When the same maximum velocity is 
achieved within shorter distances, the median dropsizes become larger, as 
shown in Fig. 6 and 7 (and previously in Fig. 3 through 5). This increase 
must be attributed, at least partly, to the influence of the gas acceleration 
on the spray formation since, for the secondary atomization process, a much 
smaller effect of length was observed. 

Since the data appear to be reaching a limiting dropsize, with a value given 
by either Eq. 2 or 3, an empirically determined multiplier to these equations 
was determined to account for the increase in dropsize with reduced (expo- 
sure) distance. This factor is given by: 



r D V, 

rv , ; 

U .41 


T = 

1 + 7x10 \ 

/ — 
/ v„ 


(5) 


1 

g M-l 




where B c is given by Eq. 4. The dropsize at any distance greater than 2 inches 
from the injector, Di, is then given by: 

Dj = D 2 t (6) 

where V>2 is determined from Eq. 2 and 3. As shown in Fig. 6 and 7, Eq. 6 with 
L = 2 inches (dashed lined) agrees well with the data obtained at a distance 
of 2 inches. 

Similar results were obtained with the other element sizes. The data obtained 
with the 0. 055- inch-diameter element (shown in Fig. 8) also compared well with 
the correlation provided by Eq. 6, as did the data obtained with the 0.162- 
inch-diameter element (shown in Fig. 9). In all cases, the dropsize varied 
inversely with the distance at which the maximum gas velocity was achieved. 
Also, the dropsize appears to be approaching a maximum at a gas velocity some- 
where between 0 and Vl for these injectors as well. 

Influence of Orifice Diameter and 
Injection Velocity 

The effect on the mass median dropsize of variations in the orifice diameter 
is shown in Fig. 10. For these data, the liquid injection velocity was about 
150 ft/sec and the dropsizes were determined after an exposure distance, L, 
of 8 inches. The data show that the median dropsize increases with orifice 
diameter, but also that this parameter becomes of lesser importance to the 
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Figure 8. 


Influence of the Gas Velocit; 
= 348 microns and 191 mic: 












d(inch) 


Figure 10. Influence of Injector Orifice Diameter on Mass 
Median Dropsize Obtained in Accelerating Gas 
Flowfield 






resulting mass median dropsize as the gas velocity is increased. For ex- 
ample, at a gas velocity of 500 ft/sec, a threefold increase m the diameter 
produces only about a 15 -percent change in the dropsize as compared to a 
70-percent increase at a gas velocity of 150 ft/sec. 

The influence of the liquid injection velocity is closely tied with the value 
of gas velocity because of the dropsize dependence on the relative gas-to- 
liquid velocity difference. However, at values of V„ greater than or equal to 
the liquid injection velocity, the tendency is for the dropsize to decrease 
with increasing Vl (with other parameters constant). This is shown in Fig. 11 
which presents the data obtained with the 0.055-inch-diameter elements (Fig. 
11a) and the 0.094-inch-diameter elements (Fig. lib) as a function of the in- 
jection velocity. 

DROPSIZE DISTRIBUTION RESULTS 

An examination of the dropsize distributions corresponding to the mass median 
dropsizes presented above showed that they had essentially the same character- 
istics as those obtained in the study of the secondary atomization process 
(Ref. 8). This is to be expected since the mass median dropsizes exhibit 
trends also similar to those reported in Ref. 8. As was observed in that 
study, the dropsize distribution tended to become more nearly monodisperse as 
the mass median dropsize was decreased. This result was found to be essen- 
tially independent of the parametric variation that produced the decrease in 
the mean dropsize. 

It was reported in Ref. 8 that no distribution could be found that would fit 
all of the data over the entire range of droplet sizes. However, a function 
which does provide a good fit to the data is the Rosin-Rammler distribution 
function (Ref. 10) : 


d(w/w TQT ) 

d(D/D) 


2.46 (D/D) 1,46 


( 1 . 21 ) 


2.46 


exp 


(D/D) 2 ’ 46 

1.61 


(7) 


This function_was particularly effective in fitting the part of the distribu- 
tion above D/D = 1. This is shown in Fig. 12 where two typical distributions 
are presented. These distributions were produced by the 0.094-inch-diameter 
element at an injection velocity of 142 ft/sec but at two different gas veloc- 
ities. The distance from the injector was the same in both cases, i.e., 

8 inches. 
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5.0 DISCUSSION 


The experimental data presented in the preceding section represent the results 
of one portion of a two-part study of the effects of an accelerating gas flow 
on spray atomization. 

In both studies, the spray was produced by single-element, like-doublet, im- 
pinging stream injectors that are typical, in terms of geometry and liquid 
velocity, of those used in rocket engines. The gas velocities and distances 
over which the gas is accelerated are also typical of rates of acceleration of 
the combustion gases in rocket engine combustion chambers. Thus, the results 
should be directly applicable to rocket engine performance calculations. 

The other part of the study (Ref. 8 ) dealt with the breakup of droplets by ac- 
celerating the gas carrying the spray after the spray had been formed. This 
process of droplet breakup has been termed secondary atomization. The study 
described in this report was concerned with the spray dropsize distributions 
that are produced by accelerating the gas flow during the formation of the 
spray. This has been termed the primary atomization process since the ac- 
celerating gas acts on the liquid jets, sheets, and ligaments and, hence, 
governs the size of the droplets that are initially formed. 

It is possible, conceptually, to differentiate the atomization processes. In 
reality, however, the primary atomization process will include the effects of 
droplet breakup, i.e., secondary atomization, since the formation of the drop- 
let spray is not an instantaneous occurrence. That is, for some distance down- 
stream of the injector, both ligaments and drops will exist and droplet breakup 
will occur simultaneously with droplet formation from ligaments. In fact, the 
results have shown that at distances sufficiently far from the injector, the 
median dropsize is governed primarily by droplet breakup and the effects of 
the gas on the disintegration of sheets and ligaments can be neglected. The 
evidence supporting this is that, under identical gas and liquid flowrates and 
velocities, the so-called "primary" dropsize approaches the measured "secondary" 
dropsize when L is large. Because of this similarity, much of the discussion 
of the secondary atomization process presented in Ref. 8 is applicable to the 
results of this study, and the reader is referred to that report for additional 
aspects of the results. 

The principal difference between the dropsizes measured in the two studies was 
the effect of length on the results. In the Ref. 8 study, it was found that 
the length of the acceleration zone did not significantly affect the results, 
indicating that the breakup times are very short compared to the time the drop- 
lets spend in the acceleration zone. In this study, however, distance did have 
an effect. As shown in Fig. 6, for example, the dropsize increased when the 
exposure length, L, to the accelerating gas velocity was decreased. 

Based on the results of Ref. 8, this increase in dropsize cannot be explained 
in terms of droplet breakup time. Rather, the increase in dropsize must be 
interpreted as a qualitative measure of the distance required for the droplet 
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spray to be completely formed. Thus, with short acceleration distances, the 
gas is acting primarily on the liquid sheet and ligaments and, to a lesser ex- 
tent, on the droplets formed from the ligaments. In addition, close to the 
injector face, the liquid is concentrated in the center of the test section and 
the closely spaced drops and ligaments could be shielding each other to a 
greater extent than at larger distances.* This would then tend to prevent the 
droplets that are formed early from undergoing additional atomization. 

EMPIRICAL CORRELATION OF THE RESULTS 


The empirical correlations that were developed from the data obtained in this 
study were presented with the experimental results in the preceding section. 
It was shown there that the primary dropsize can be related to the secondary 
dropsize through the empirical correlation: 


Dj = x D 2 ( 6 ) 

when D 2 is given by either Eq. 2 or 3, while the parameter t (which is > 1) 
is expressed by Eq. 5. As was shown in Fig. 6 through 9, the empirical cor- 
relations provide a good fit to the experimental data. As can be seen from 
Eq. 2 and 3, the secondary dropsize, D 2 , is a function of two parameters, D c 
and AV/V l . 


If Eq._l (i.e., the empirical correlation for the dropsize in a static environ- 
ment, D 0 ) is introduced into the expression for D c (Eq. 4 ), it is found that: 


D = 8 D 0,66 /V. 0,09 
C O Li 


( 7 ) 


Thus, if the small effect of V L is neglected, the primary dropsize^, Dj, is seen 
to be a function of the characteristic dropsize of the injector, D 0 , the non- 
dimensional velocity, AV/V^, and the parameter t. 

The secondary dropsize, D 2 , or equivalently, the primary dropsize Dj at L = °°, 
is shown in Fig. 13 as a function of the characteristic dropsize D Q for vari- 
ous values of AV/Vl. As shown there, the dropsize, D^, decreases as the gas 
velocity is increased with fixed injector parameters, i.e., constant^ D Q and 
Vl- It also shows that a limiting value of D 2 is obtained as both F 0 and 
AV/Vl are increased. The effect of Vl independent of its contribution to 
and A V/V L is seen (dashed lines in Fig. 13) to be small for low values of 
AV/Vl, anc * totally negligible for large values of AV/V. . 

Li 


*It was noted in Ref. 8 that, if the droplets are spread uniformly through the 
gas, the mean droplet spacing would be on the order of 6 to 13 droplet diam- 
eters. However, close to injector face, the spacing is more on the order of 
half of this, i.e., 3 to 6 diameters, since the spray is still spreading out- 
ward from the impingement point. Thus, at 2 inches from the injector face, the 
cross section of the spray, assuming a 60-degree fan, is about 2 to 3 in.^ 
(i.e., an order of magnitude less than the cross section available to the gas 
flow, 20 in. ) . 
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The effect of length on the parameter t is illustrated in Fig. 14. For these 
calculations, an orifice diameter of 0.094 inch and an injection velocity of 
100 ft/sec were selected. According to Eq. 1, the characteristic dropsize of 
the injector at these conditions is 415 microns. Figure 14 shows the_result 
exhibited by the experimental data in that t, and hence the dropsize D^, in- 
crease when the maximum gas velocity is attained closer to the injector face 
(shorter exposure distance). It also shows that, as the gas velocity is in- 
creased, the effect of length becomes of lesser importance. 

The above correlations, together with the normalized dropsize distribution func 
tion expressed by Eq. 7, are sufficient to completely characterize the drop- 
size distribution for the range of experimental parameters examined. However, 
the empirical correlations should not be used outside the range in which data 
were obtained. Specifically, D 0 should be limited to values of 200 to 600 
microns.* In terms of D c , which incorporates the range of orifice diameters 
and injection velocities examined, the limits should be 140 _< D c < 360 microns 
The length, L, should be not less than 2 inches. Fortunately, most rocket en- 
gine combustors will have values of these parameters within the prescribed 
ranges . 

APPLICATION OF RESULTS TO COMBUSTION MODELS 

In Ref. 8, it is recommended that the simplest approach to incorporating the 
results of that study to combustion model computer codes would be to simply 
correct the initial dropsize according to the empirical correlations for D 2 . 

The results obtained here do not indicate a necessity to change that recom- 
mendation. However, to incorporate the effect of chamber length, it is recom- 
mended that the correlations presented in this report should be utilized. 


‘Includes the data obtained in Ref. 8 
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6.0 CONCLUDING REMARKS AND RECOMMENDATIONS 


The objective of this study was to determine quantitatively the influence of 
an accelerating gas flow on the atomization characteristics of impinging 
stream injectors and to develop, from the experimental data, droplet breakup 
criteria that can be readily incorporated into combustion models for the cal- 
culation of rocket engine combustion performance. This objective has been 
achieved. 

From the experimental data obtained in this study, it can be concluded that the 
acceleration of the combustion gas in the early stages of the combustion pro- 
cess will significantly enhance the atomization of liquid propellants. Fail- 
ure to account for this additional atomization could lead to underprediction of 
combustion performance. 

It is further concluded that the parameters having the greatest effect on the 
resulting spray median dropsize are the injector parameters of orifice diam- 
eter and injection velocity, the maximum gas velocity, and the distance from 
the injector at which this maximum gas velocity is achieved. In the limit of 
large distances from the injector, the effect of length can be neglected. In 
this case, the resulting dropsizes approach those measured in the Ref. 8 study 
of secondary atomization. 

Additional aspects of the effects of an accelerating gas flow on droplet break- 
up are presented in Ref. 8. Recommendations for future work in this area also 
are presented in the Ref. 8 report. 
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